ChlD mutants of Escherichia coli are pleiotropic, lacking formate-nitrate reductase activity as well as formate-hydrogenlyase activity. Whole-chain formate-nitrate reductase activity, assayed with formate as the electron donor and measuring the amount of nitrite produced, was restored to wild-type levels in the mutants by addition of 10-4 M molybdate to the growth medium. Under these conditions, the activity of each of the components of the membrane-bound nitrate reductase chain increased after molybdate supplementation. In the absence of nitrate, the activities of the formate-hydrogenlyase system were also restored by molybdate. Strains Under anaerobic growth conditions, Escherchia coli metabolizes formate by either of two pathways (Fig. 1) . In the presence of nitrate, a membrane-bound formate-nitrate reductase system is induced which oxidizes formate and reduces nitrate to nitrite (9, 20, 26) . In the absence of nitrate, E. coli forms the formate-hydrogenlyase system which converts formate to carbon dioxide and hydrogen (7, 17 Proposals to explain the pleiotropic nature of the chlA, B, D, and E mutants have included an assembly factor essential for the formation of both systems (4), a common membrane structural component (5, 22) , and a common enzymatic component (15). Lester and DeMoss (13) showed that molybdate is required for the formation of both the formate-nitrate reductase system and the formate-hydrogenlyase system. Thus, any mutation which restricts either molybdate uptake or its utilization might be expected to have a pleiotropic effect leading to an inability to form either of these anaerobic electron transport systems.
reductase system, and some mutants mapping at this locus are defective only in the terminal enzyme, nitrate reductase (8) .
Proposals to explain the pleiotropic nature of the chlA, B, D, and E mutants have included an assembly factor essential for the formation of both systems (4) , a common membrane structural component (5, 22) , and a common enzymatic component (15) . Lester and DeMoss (13) showed that molybdate is required for the formation of both the formate-nitrate reductase system and the formate-hydrogenlyase system. Thus, any mutation which restricts either molybdate uptake or its utilization might be expected to have a pleiotropic effect leading to an inability to form either of these anaerobic electron transport systems.
In this paper, we demonstrate that the effect of the chlD mutation is phenotypically reversed by the addition of high concentrations of sodium molybdate to the growth medium. The activities of both the formate-nitrate reductase system and the formate-hydrogenlyase system are restored to wild-type levels under these conditions.
MATERIALS AND METHODS
The strains used in this study (Table 1) (20) and the formate-hydrogenlyase pathway (7) of Escherichia coli. dure of Adelberg et al. (1) , diluted into 10 ml of molten L agar (12) containing 0.2% potassium chlorate. The agar was poured into a petri dish, allowed to harden, and then overlaid with 15 ml of L agar plus 0.2% potassium chlorate. The plates were incubated at 37 C for 24 hr in a desiccator under an atmosphere of 95% nitrogen and 5% carbon dioxide. Those cells which grew were picked, restreaked on L agar, and tested for their resistance to chlorate, for their ability to grow on minimal-glucose medium containing 50 gg/ml of thiamine (13) , and for their ability to form gas. Chlorate resistance was tested by stabbing the mutant strain into 2 ml of L agar containing 0.2% potassium chlorate in a test tube (13 by 100 mm) and overlaying with 2.5 ml of the same agar. Growth was scored as compared to wild type PK27, at 12, 24, and 48 hr. A crude estimation of gas-forming ability was obtained in stabs of the same type with either L agar or minimal-glucose medium supplemented with 10-6 M sodium molybdate and 10-6 M sodium selenite. If the strain produced the formatehydrogenlyase system, within 24 hr the top layer of agar was forced up the tube as a result of gas evolution.
Transduction with phage P1. The procedure of Lennox (12) was utilized to transduce with phage P1. A gaiT mutant (AC783) was used as the recipient, and gal+ recombinants were selected and scored for formate-nitrate reductase activity.
Conjugation. All chlorate-resistant strains were selected in the Hfr PK27. When this strain is mated with an F-strain, chromosome transfer begins at the histidine marker and proceeds in a counterclockwise direction (11) . The F-used was either SA291 or SA222. Both mating types were grown in L broth into log phase, and 5-ml amounts were mixed. Mating proceeded for 90 min at 37 C. The cells were then centrifuged, suspended in I ml of sterile saline, and appropriately diluted into sterile saline before plating on minimal medium containing 1% galactose, 50 gg of thiamine per ml, and 200 gg of streptomycin. Plates were incubated for 48 hr and gal+ recombinants scored for nitrate reductase as described below.
Scoring colonies for formate-nitrate reductase activity. Colonies Enzyme assays. All assays were performed on frozen-thawed cell suspensions (23) . The whole-chain activity of the formate-nitrate reductase system was 855 on October 11, 2017 by guest http://jb.asm.org/ Downloaded from GLASER AND DEMOSS determined by using formate as the electron donor and measuring the amount of nitrite produced. The terminal enzyme was assayed by following nitrite accumulation with reduced methyl viologen (MVH) as the electron donor. Formate dehydrogenase activity was measured spectrophotometrically by the phenazine methosulfate-linked reduction of dichlorophenol indophenol (20) .
Formate hydrogenylase activity was measured by following hydrogen evolution in a Warburg apparatus (21) . Hydrogenase activity was determined essentially by the procedure of Peck and Gest (16) .
Specific activities are expressed as nanomoles of product formed per minute per milligram of protein.
Cytochrone spectra. Absolute cytochrome spectra were obtained with a single-beam recording spectrophotometer at liquid nitrogen temperature. For the measurements, 0.2-ml samples of frozen-thawed cells were reduced with solid sodium dithionite in a cuvette with a diameter of 1 Conjugation experiments were performed by using F-strains carrying deletions for various portions of the genome from aroG to chiA (see Fig. 2 ). SA291 is deleted for genes from aroG to chMA, but not including chlE. Known chlE mutants gave between 6 and 10% recombination (unpublished data) with this deletion mutant. However, none of the five mutants tested above showed any recombination (Table 3A) . SA222 is a shorter deletion and extends from aroG into the lambda prophage genes. This deletion covers only the chiD gene. Known chiA mutants show between 2 and 5% recombination with this deletion mutant (unpublished data). However, none of the five mutants tested showed any recombination (Table 3B ). On the basis of transduction results with P1 phage showing each mutant was linked to gal and the results from conjugation with the F-deletion strains, it was concluded that all five of the chlorate-resistant strains were chID mutants.
All other mutants which have been mapped at chlD are phenotypically reverted by molybdate, and all mutants which are restored by molybdate map at chMD. On the other hand, molybdate supplementation has no effect on the phenotypes of known chlA, B, C, or E mutants.
One mutant, 119-3, was selected for further biochemical study. The whole-chain activity of the nitrate reductase system (see Fig. 1 (Fig. 4) 4 . Dithionite-reduced spectra of mutant 119-3 and PK27 grown anaerobically in the absence of nitrate. Protein concentrations were 14.5 mg/ml for PK27, 14.0 mg/ml for 119-3 (+MoO4), and 13.0 mg/ml for 119-3 (-MoO4-). Spectra were taken at liquid nitrogen temperature.
showed restored formate-nitrate reductase activity when grown in the presence of 10-4 M SOdium molybdate. Strain SA242, which is deleted for the region from gal to the E gene of the lambda prophage, was grown on nutrient broth supplemented with molybdate. Table 7 shows that a parallel increase in formate-nitrate reductase activity and MVH-linked nitrate reductase activity occurs with increasing concentration of molybdate in the growth medium. We conclude that phenotypic reversion by molybdate is a property of all mutants of this locus. Furthermore, the chiD gene product cannot be a structural component of either the formate-nitrate reductase system or the formate-hydrogenlyase system, as deletion mutants can have near wildtype activity when grown in the presence of sufficient molybdate.
The results with the deletion mutants suggested that the chiD lesion had an indirect effect on the formate-nitrate reductase pathway and that it could be a defect in a molybdate uptake system. This was tested by determining whether the activity of the nitrate reductase pathway reflected the concentration of molybdenum in mu-PHENOTYPIC RESTORATION BY MOLYBDATE tant cells. Mutant 119-3 and PK27 were grown anaerobically in nutrient broth supplemented with nitrate and 10-6 M sodium molybdate. At this concentration, there was a 100-fold difference in the MVH-nitrate reductase activity of the mutant and wild type. As seen in Table 8 , the level of total molybdenum in preparations of 119-3 and PK27 did not differ significantly, certainly not reflecting the wide range in activities under these conditions. In a separate experiment, both mutant and wild-type extracts were divided, and half of each was exhaustively dialyzed against buffer. The amount of molybdenum was essentially the same for both the dialyzed and undialyzed samples, indicating that little or no pool of dialyzable molybdenum exists in the cells. These two results, the lack of a measurable pool of free molybdenum and the equivalent amount of molybdenum in dialyzed extracts of mutant and wild type, seem to rule out the suggestion that the chID mutants possess a defect in the molybdate uptake process.
The results presented in Table 8 do show that there is a difference in the distribution of molybdenum within the cell. When mutant 119-3 was grown in the presence of 10-6 M molybdate, there was essentially no nitrate reductase activity, and the concentration of molybdenum in the particulate fraction is nearly 10-fold less than that in the particulate fraction of wild-type PK27. In the mutant, there was a comparable increase in molybdenum associated with soluble protein, so that the total concentration in 119-3 and PK27 does not differ. When grown at 10-4 M molybdate, the concentration of molybdenum per milligram of protein in the particulate fraction of the mutant is restored to about 50% of wild-type level. The specific activity of the formate-nitrate reductase pathway was also about 50% of wild-type levels under these conditions. DISCUSSION These results demonstrate that a high concentration of molybdate ion (10-4 M) added to the growth medium reverses the pleiotropic effects of (24) reported that purified nitrate reductase from E. coli (strain Yamaguchi) has one molecule of molybdenum bound per 1,000,000 molecular weight. Lester and DeMoss (13) showed that, in wild-type cells, molybdate is required for the synthesis of the components of the nitrate reductase system and for the formation of the formate-hydrogenlyase pathway. Therefore it is not surprising that a mutation affecting the cell's utilization of molybdate should have pleiotropic effects on both electron transport systems.
The possibility that the chlD gene product is a structural component of these two electron transport systems seems to be ruled out by the 
